There has been a recent upsurge in the development of small-molecule inhibitors specific to DNA repair proteins or proteins peripherally involved in base excision repair and the DNA damage response. These specific, nominally toxic inhibitors are able to potentiate the effect of existing cancer cell treatments in a wide array of cancers. One of the largest obstacles to overcome in the treatment of cancer is incomplete killing with initial cancer treatments, leading to resistant cancer. The progression of our understanding of cancer and normal cell responses to DNA damage has allowed us to develop biomarkers that we can use to help us predict responses of cancers, more specifically target cancer cells and overcome resistance. Initial successes using these small-molecule DNA repair inhibitors in target-validation experiments and in the early stages of clinical trials indicate an important role for these inhibitors, and allow for the possibility of a future in which cancers are potentially treated in a highly specific, individual manner.
escape apoptosis due to abnormal DNA damage responses [1] [2] [3] . Most types of cancer have DNA damage response deficiencies, highly proficient DNA repair mechanisms or, more often, a combination of DNA repair deficiencies and proficiencies. These innate differences have been used in the past to selectively kill cancer cells with irradiation (IR) or chemotherapies, or combinations of the two [3, 4] . However, cancers are often resistant or develop resistance to these treatments due to the cancer cells' remarkable ability to adapt their DNA damage responses to compensate for any shortcomings. Often the treatment is not selective enough towards the cancer cells, thereby causing too much toxicity to normal cells resulting in a low therapeutic index [5] . A significant number of agents used in front-line therapy include DNAdamaging agents, such that upon treatment, a wide variety of DNA damage response pathways respond to the insult. These include the base excision repair (BER), nucleotide excision repair (NER), direct repair (DR), mismatch repair (MMR), homologous recombination (HR) and nonhomologous end joining (NHEJ) repair pathways. These are very specialized pathways that repair DNA damage in a highly specific manner. Although the mechanisms for some of the players will be elucidated in this review, an overview of each of the specific pathways will not be given. Readers should refer to the several comprehensive reviews recently published on these pathways [1] [2] [3] [5] [6] [7] [8] [9] .
Although we focus on the repair of certain lesions by one particular pathway, most often there is crossover, interaction and compensation within and between the various DNA repair pathways. These crossovers often allow the cancer cells to compensate and ultimately survive [10] . We are beginning to be able to overcome some of these resistances and the advantages that these cancer cells have either inherited or developed. As understanding of the DNA repair pathways has progressed, we are increasingly able to identify biomarkers that may help us better understand the response of the cancer cells to chemotherapy or DNA damage [11, 12] . For example, the alkaline comet assay has been successfully used with peripheral blood lymphocytes of cancer patients to predict their response to doxorubicin and cisplatin [13] . We are also better able to use multitargeted approaches in combination with chemotherapy or chemotherapies and IR to achieve more complete responses. This can help to prevent tumors from adapting by acquiring resistance after primary treatments [8, 14] . However, there are some instances of acquired resistance in cancers which, once developed, we have not been able to overcome, such as platinum resistance in ovarian and cervical cancer [15] . Additionally, some cancers, such as pancreatic cancer, still have incredibly low survival rates, so new approaches are clearly needed [16] .
There has been a recent upsurge of small-molecule inhibitor candidates in DNA repair [17] . These small-molecule inhibitors are specific to players in the DNA damage response teams. Many of these inhibitors are able to inhibit the functions of the desired proteins with nominal additional toxicity, yet dramatically potentiate the effects of current cancer treatments. The following is a review of the most recent studies performed on current small-molecule inhibitors of proteins involved in BER. The review is by no means comprehensive of all the inhibitors of proteins involved in BER. Some of the inhibitors reviewed here have been used in preclinical target validation and proof-of-concept studies and were not intended to be, nor will be, developed into candidates for clinical research. However, the potential value of each inhibitor in the clinical setting will be discussed. Some of the inhibitors reviewed are currently in clinical trials (see Table 1 ).
Targeting the base excision repair pathway
The BER pathway repairs alkylated, oxidative and IR-induced damage. There are two branches of the BER pathway, long-patch and short-patch BER, which will be discussed here. Alkylated or oxidative damage can cause single-base lesions or adducts. The BER pathway is initiated when DNA glycosylases specific to each type of lesion recognize and remove the damaged base. This generates an abasic or apurinic/apyrimidinic (AP) site. Then apurinic/apyrimidinic endo-nuclease (Ape1) processes the AP site by incising the phosphodiester backbone 5′ to the AP site. This creates a 3′-OH and a 5′-deoxyribose phosphate (dRP) end. DNA polymerase β (pol β) then inserts the correct base at the 3′-OH end and removes the 5′ dRP flap. Then DNA ligase III/XRCC1 (ligase III/x-ray complementing factor 1) seals the remaining nick (steps of BER pathway reviewed in [1, 3, 6, 9, 18] ). If proteins involved in this pathway are deficient or inhibited in cancer cells and DNA damage occurs that these proteins are involved in repairing, the damage will not be processed correctly. Incomplete repair leads to cell death [1, 9] . One of the mechanisms that account for this increase in cell death is the generation of double-strand breaks (DSBs) from single-strand breaks (SSBs). SSBs could occur on opposing sides of the phosphodiester backbone of DNA to create DSBs, which are lethal and often cause the induction of apoptosis in cells [4, 10] . This makes inhibition of proteins involved in this pathway a desirable target in order to sensitize cells to chemotherapeutics and IR that cause DNA damage repaired by this pathway (Figure 1 ).
The occurrence of DSBs activates the poly(ADP-ribose) polymerase (PARP) protein, another protein involved in BER. PARP has two zinc-finger motifs in its N-terminal region that bind DNA at strand breaks. This binding activates the C-terminal end of PARP to synthesize, via the catalysis of nicotinamide adenine dinucleotide (NAD + ), chains of poly(ADP-ribose)-or PAR-branched chains. The central domain of PARP, the automodification domain, is an acceptor of PAR-branched chains. Due to this automodification, PARP disassociates from the DNA [19] [20] [21] . If there is moderate damage to the DNA, PARP interacts with cell cycle checkpoint proteins and BER proteins, such as pol β, proliferating cell nuclear antigen (PCNA), ligase III and XRCC-1, to promote DNA repair, and thus cell survival. However, if the DNA damage present is acute, apoptosis can be activated, during which caspases cleave PARP. Overwhelming DNA damage can cause PARP to become overactivated and deplete NAD + , leading to cell necrosis ( Figure 2) [3, 22, 23] .
PARP-1 knockout mice, upon first glance, appeared to be phenotypically normal. However, when the mice were challenged with DNA damage, such as that caused by IR or a standard DNA methylating agent, they were found to be extremely sensitive to these agents [19] . We begin our discussion of BER inhibitors currently being developed with PARP, as the majority of recently published data, as well as clinical trial development, focuses on PARP inhibitors.
PARP inhibitors
There has been a great hastening in recent years by pharmaceutical companies to develop highly-specific, clinically relevant PARP inhibitors. This has propelled PARP inhibitors quickly into clinical trials [17] . PARP inhibitors are one of the most promising classes of compounds for cancer therapeutics currently in development. Initial in vitro and in vivo studies indicate that adding minimally toxic levels of the new generation of very specific PARP inhibitors to existing chemotherapeutics (especially alkylating drugs, platinating drugs and topoisomerase I poisons) and IR dramatically increases sensitization of cancer cells and xenografts to the chemotherapeutic agent or IR. Perhaps most exciting, PARP inhibitors have also been able to inhibit the growth of BRCA1-and BRCA2-deficient cells and tumors selectively, while BRCA +/+ and BRCA +/− cells do not appear to be as sensitive to PARP inhibition [24, 25] . BRCA1-and BRCA2-deficient cancers are some of the most difficult cancers to treat. The majority of inhibitors that are targeted at BER and have entered the clinic are designed to inhibit PARP (for a list of some of these inhibitors, see Table 1 ). The following five PARP inhibitors will be reviewed: INO-1001, AG14361, AG014699, ABT-888 and AZD2281 (formerly KU-0059436) (see Figure 1 ) . This is not a comprehensive review of all PARP inhibitors in development, nor will all of the PARP inhibitors reviewed here go any further in development. Rather, these inhibitors were chosen to highlight the power, promise and mechanism behind inhibition of PARP, a DNA repair protein, as a tool to fight cancer. Additionally, there are other promising PARP inhibitors, such as BiPar Science's (CA, USA) BSI-201, which is currently in several clinical trials [101] . However, this and other inhibitors will not be reviewed as there are no peer-reviewed articles available, only abstracts from meetings. PARP inhibitors in this review that are currently in clinical trials are listed in Table 1 [101].
INO-1001
A PARP inhibitor, INO-1001, discovered by Inotek Pharmaceuticals (MA, USA), but now owned by Genentech (CA, USA), has just completed a Phase II study looking at its ability to minimize the damage caused to heart tissue and blood vessels as a result of potentially elevated levels of PARP after angioplasty. Although currently not in a clinical trial for cancer, three pre-clinical studies with INO-1001 indicate it may also have the ability to potentiate various cancer treatments [26] [27] [28] .
The first study was performed on three Chinese hamster ovary (CHO) cell lines testing the ability of INO-1001 to potentiate the cytotoxicity caused by IR. A PARP-1 activity assay was performed on CHO cells and demonstrated that 95% inhibition of PARP-1 activity occurred using 10 μM INO-1001, a dose that was nontoxic to the cells as measured by colony assay. This dose was also able to enhance the sensitivity of CHO cells to IR. Brock et al. further demonstrated that doses of INO-1001 up to 100 μM did not result in a dramatic effect on cell survival [26] .
The combinination of PARP inhibitors, including INO-1001, with the methylating agent temozolomide is another potential use. Temozolomide (Temodar ® ) is an alkylating agent currently used in combination with IR to treat patients with glioblastoma multiforme and patients with refractory anaplastic astrocytoma [29] . Temozolomide methylates DNA primarily at the N7 and O 6 positions of guanine and the N3 position of adenine and BER is the primary pathway to repair these lesions [30] . The effectiveness of temozolomide is thought to depend on the O 6 -alkylguanine DNA methyltransferase (AGT) and the MMR status of the tumor. Cells that have high levels of AGT are able to efficiently remove the most lethal of the lesions caused by temozolomide, O 6 -methylguanine, allowing them to resist temozolomide cytotoxicity [31] . Unfortunately, cancer cells with normal to low levels of AGT can still develop resistance to temozolomide due to deficient MMR. Without repair of the O 6 -lesion by AGT, MMR exacerbates the effects of O 6 -methylguanine lesions caused by temozolomide. Unrepaired O 6 -methylguanine lesions are paired with thymine if allowed to undergo replication. MMR is recruited to fix the mismatch. However, it removes the thymine opposite the damaged guanine, then the incorrect base, thymine, is once again inserted. This futile attempt at repair can lead to an accumulation of SSBs during S-phase, leading to the signaling of programmed cell death when the lesions are too overwhelming or cannot be repaired [27] . Conversely, cells with MMR deficiency that have accumulated normally toxic levels of O 6 -methylguanine lesions do not undergo this futile attempt at repair and are sometimes allowed to escape death [31, 32] .
INO-1001 was used to partially overcome temozolomide resistance in MMR-deficient malignant glioma xenografts [27] . In this study exploring temozolomide resistance, the authors first looked at PARP-1 levels in a MMR-deficient medulloblastoma cell line after treatment with temozolomide. They found that PARP-1 activity increased after treatment, but this increase could be abrogated with the pretreatment of INO-1001. They then went on to perform an in vivo study with MMR-deficient malignant glioma tumor xenografts using temozolomide in combination with INO-1001. Some increased toxicity was observed in the mice that were treated with both temozolomide and INO-1001. This increased toxicity was most likely due to the additional lesions caused by temozolomide, N3-methyladenine and N7-methylguanine. Blocking PARP with INO-1001 would prevent the involvement of BER in the repair of these lesions, allowing accumulation of SSBs. Although the temozolomide resistance was not entirely overcome in the xenografts, there was a growth delay of 13.9-25.8 days [27] .
The PARP inhibitor INO-1001 was used in a third study to potentiate the effect of doxorubicin treatment on p53-deficient tumors created using the breast cancer cell line, MDA-MB-231, and the murine mammary carcinoma, MCa-K [28] . More than 50% of tumors have defective p53. Cell cycle arrest, caused by p53, is important to DNA repair in that it allows the cells to repair damage before they re-enter the cell cycle. Defective p53 causes the cells to fail to arrest their cell cycle long enough to repair the DNA damage. This allows the damage to be perpetuated through cell cycling, often causing the initiation of apoptosis [33] . The primary mechanisms of action of doxorubicin are blocking DNA replication via intercalation of DNA and inhibition of topoisomerase II (topo II), which can lead to DSBs and apoptosis. Additionally, it has been proposed that toxic levels of reactive oxygen species (ROS) may be generated as a derivative of doxorubicin treatment, but this is observed only at very high therapeutic levels [34] . The authors of this study reported that the combination of doxorubicin and INO-1001 had a synergistic effect on p53-deficient tumor growth rate as measured by tumor growth after treatment [28] . Unfortunately, the study included p53-deficient tumors, but no wild-type tumors.
AG14361
According to Calabrese et al., the PARP inhibitor AG14361, a compound produced by Pfizer (NY, USA), is over 1000-times more potent than 3-aminobenzamide (3-AB), one of the earliest PARP inhibitors, at inhibiting PARP activity [35] . They demonstrated that AG14361 was able to inhibit 85% of PARP activity at 0.4 μM without growth rate or cytotoxic effects in two colorectal cancer cell lines, MMR-deficient LoVo and MMR-proficient SW620, and a nonsmall-cell lung cancer cell line, A549 [35] . AG14361 was able to potentiate the chemotherapeutic effects of temozolomide in the LoVo and A549 cell lines, but not the MMRproficient SW620 cell line. Furthermore, AG14361 potentiated the cytotoxic effect when in combination with topotecan, a topoisomerase I inhibitor, in all three cell lines, although not as dramatically as the potentiation with temozolomide in LoVo cells. The growth of LoVo cells treated with γ-irradiation in addition to AG14361 did not recover as quickly as cells that were only irradiated. Results with γ-irradiation were not reported in the other two cell lines for this portion of the experiment. As part of the same study, in vivo experiments were performed using xenografts with LoVo and SW620 cells. The combination of temozolomide and a dose of AG14361 that itself did not affect tumor growth was able to cause significant growth delay as compared with the temozolomide alone in the MMR-deficient xenografts, and complete regression of the MMR-proficient xenografts. The authors attributed this change in outcome for the SW620 versus the in vitro experiments to the effect of AG14361 on the tumor microenvironment. Tumor growth delay was also significantly potentiated by AG14361 in combination with IR in the MMR-deficient LoVo xenografts and in both types of xenografts when combined with irinotecan, a topoisomerase I (topo I) inhibitor. The combination of IR and AG14361 was not used in the SW620 xenograft [35] .
The mechanism for the potentiation of topo I poisons, such as topotecan and camptothecin, was elucidated in a study using cells from both PARP-1 wild-type mice and PARP knockout mice [36] . Cells from PARP-1 knockout mice were three times more sensitive to topotecan. Sensitization of cells from wild-type mice identical to that seen in the cells without PARP-1 was achieved by adding AG14361 to the topotecan. This confirmed that PARP-1 was an important player in protecting cells from topo I poisons and demonstrated the specificity of AG14361 for PARP-1. Smith et al. also used XRCC1-, DNA-dependent protein kinase catalytic subunit-and XRCC3-deficient CHO cell lines (EM9, V3 and irs1SF, respectively), along with their parental cell line, AA8, to test the effect of AG14361 on camptothecin-induced cytotoxicity in DNA repair-deficient cells as compared with the DNA repair-proficient parental cell line. They wanted to investigate the involvement of PARP-1 with other DNA repair proteins/pathways in response to camptothecin. All three DNA repair-deficient cell lines were significantly more sensitive to camptothecin alone as compared with the parental cell line. The HR-deficient cell line (irs1SF) was tenfold more sensitive to the camptothecin, while the BERand NHEJ-deficient cell lines (EM9 and V3) were five-and 1.5-fold more sensitive. A significant potentiation of camptothecin cytotoxicity was observed when combined with AG14361 in both the parental and NHEJ-deficient cell lines, but not in the BER-deficient cell line. The HR-deficient cell line, irs1SF, was hypersensitive to AG14361 as a single agent, making it difficult to determine if camptothecin would be further potentiated with the PARP inhibitor [36] . A later study also found that HR-deficient cells were hypersensitive to AG14361 alone [37] .
Based on the fact that AG14361 did not potentiate camptothecin-induced sensitivity in the BER-deficient cell line but did in the cell lines deficient in other repair pathways, the authors proposed the following possible mechanism. The proposed mechanism through which this PARP inhibitor potentiates camptothecin cytotoxicity is inhibition of BER. In this mechanism, topo I poisons would cause SSBs and form a cleavable complex with the 3′ phosphate end of the DNA. PARP-1, in turn, would bind to the 5′OH end of DNA. PARP-1 would then undergo automodification and recruit XRCC1. The XRCC1 would then recruit tyrosyl DNA phosphodiesterase-1 (TDP-1), which would remove the topo I and create a 3′ OH end that would be converted to a 5′ phosphate by polynucleotide kinase (PNK), also recruited by XRCC1. The final chore for the XRCC1 would be to act as a scaffolding protein allowing pol β to fill in the gap and ligase III to ligate the gap [36] . The EM9 cells utilized here are XRCC1 deficient, and would therefore not be able to perform the actions described above. In the absence of XRCC1, PARP inhibitors could not enhance camptothecin-induced cytotoxicity, underscoring the importance of PARP/BER interactions.
In response to IR, PARP-1 is involved in upregulating NF-κB (NF-κ-light-chain-enhancer of activated B cells) activity [38] . Studies were performed with mouse embryonic fibroblasts (MEFs) that were either proficient or deficient in NF-κB [39] . Veuger et al. knocked NF-κB down by transfecting the cells with small interfering RNAs (siRNA). AG14361 was able to sensitize the cells proficient in NF-κB, but not the cells deficient in NF-κB, to IR. These results indicated that PARP signaling through NF-κB activity is important following IR-induced cell death [39] .
Most interestingly, AG14361 was used successfully as a single agent in BRCA2-deficient cells and tumors [24] . Patients who have inherited a BRCA1 or BRCA2 mutation on one allele have a higher risk of developing ovarian or breast cancer, along with other cancers, because if the remaining functional allele mutates to a nonfunctional form, cells with the deficient BRCA1 or BRCA2 have genomic instability that can result in tumor development [40] . BRCA1-and BRCA2-deficient cells are deficient in HR [41] . This study used the PARP inhibitor AG14361, along with other PARP inhibitors, to take advantage of the HR defect that selectively targets the BRCA2-deficient cells and BRCA-2-deficient tumors from the cells and tumors that have functioning BRCA2. First, the authors tested the hypothesis that HR-deficient cells would not be able to withstand the amount of DNA damage incurred in the absence of PARP activity. Using CHO cell lines that were deficient in HR, they treated the XRCC2-deficient (irs1) cells and XRCC3-deficient (irs1SF) cells with the PARP inhibitors 3-AB, 1,5-dihydroxyisoquinoline (ISQ) and AG14361. The HR-deficient cells were sensitive to the PARP inhibitors and the sensitivity was reduced when XRCC2 and XRCC3 were added back to the cells, thereby restoring their HR function. Small, interfering RNAs were used to knockdown the expression of BRCA2 in two breast cancer cell lines, one with wild-type p53 (MCF7) and one with mutated p53 (MDA-MB-231). The transfected cells were then treated with AG14361 and another PARP inhibitor, NU1025. Colony assays demonstrated a significant decrease in the colony formation from AG14361-and NU1025-treated cells in which the BRCA2 was knocked down as compared with the cells with normal levels of BRCA2, regardless of p53 status. Lastly, the authors inoculated mice with BRCA2-deficient V-C8 cells or BRCA2-complement cells, V-C8 + B2, to form xenografts, then treated the mice with AG14361. AG14361 did not slow the growth of the xenograft in the tumor line that expressed wild-type BRCA2. However, three out of five of the BRCA2-deficient xenografts showed a response to AG14361, with one tumor appearing to disappear completely [24] . This was one of two studies published concurrently in the journal Nature showing a great effect of PARP inhibitors alone on BRCA1-and BRCA2-deficient cells and tumors [24, 25] .
AG014699
AG014699 is a PARP inhibitor that was developed in a collaboration between Agouron Pharmaceuticals (CA, USA, a division of Pfizer), Cancer Research UK and Newcastle University (UK) [42] . It is the first PARP inhibitor to enter into a clinical trial. AG014699 is the phosphate salt of a derivative of AG14361 (AG14447), which was discussed above [43] . According to the clinicaltrials.gov website [101] , there is one current clinical trial of this drug in advanced breast or ovarian cancer with BRCA1 or BRCA2 mutations ( Table 1) . In a previous clinical trial for AG014699, patients with various malignancies were given temozolomide and AG014699 to determine the best doses for the combination. They determined that the PARP inhibitor was able to be administered in doses that gave no symptomatic toxicities with the inhibitor alone and at levels that demonstrated inhibition of PARP in the tumor. Additionally, patients were able to tolerate the full dose of temozolomide in addition to AG014699. Patients with metastatic melanoma and a desmoid tumor showed responses that ranged from partial to one complete response. Other patients with melanoma, prostate cancer, pancreatic cancer and leiomyosarcoma experienced some stabilization after treatment with the combination [42] .
Another study demonstrated that AG014699 was able to potentiate the effect of topotecan and temozolomide in neuroblastoma cell lines at levels that produced a greater than 97% PARP activity inhibition with no changes in cell growth or toxicity in the AG014699-only treated cells. There was an AG014699-induced enhancement of growth delay in two types of neuroblastoma xenografts treated with temozolomide. A tumor growth delay was also observed in a neuroblastoma xenograft experiment when the mice were treated with topotecan in combination with AG014699. In summary, AG014699 potentiated the growth delay of both temozolomide and topotecan in neuroblastoma xenografts using amounts of inhibitor that had little added toxicity or growth delay as a single agent [44] .
ABT-888
ABT-888, a cyclic amine-containing benzimidazole carboxamide PARP inhibitor discovered by Abbott Laboratories (IL, USA), is currently in 11 clinical trials ( Table 1) [101]. In one study, researchers demonstrated that this PARP inhibitor had the ability to potentiate temozolomide in a mouse melanoma model and rat glioma model. The same study also demonstrated that ABT-888 potentiated cisplatin, carboplatin and cyclophosphamide in a BRCA1-deficient breast carcinoma xenograft model [45] . ABT-888 has also been shown to potentiate IR in a human colon cancer cell line [45] and a lung cancer cell line, along with tumor growth delay in a lung cancer xenograft model [46] . ABT-888 has a long half-life that allows it to remain in the cells longer and convert SSBs to more lethal DSBs [47] . Acquisition of temozolomide resistance is an ongoing issue in the treatment of cancer [31] . Unfortunately, temozolomideresistant tumor lines created via gradual glioblastoma xenograft exposure to temozolomide were unaffected by the addition of ABT-888, whereas the temozolomide effect in previously unexposed glioblastoma xenografts was potentiated by ABT-888 [48] . This indicates the possibility that only glioblastoma patients without previous exposure to temozolomide will be able to benefit from the combination of temozolomide and ABT-888.
AZD2281/KU-0059436
AZD2281 is a PARP inhibitor that was first developed by KuDOS Pharmaceuticals (Cambridge, UK) and given the name KU-0059436 ( Figure 1) . However, when AstraZeneca (London, UK) acquired KuDOS Pharmaceuticals, the name was changed to AZD2281 [17] . AZD2281 is currently in 20 clinical trials related to cancer treatments ( Table 1) [101]. In preliminary studies, AZD2281 was able to significantly delay tumor growth in combination with temozolomide in a colon cancer tumor model, potentiate the effect of methyl methanesulfonate (MMS), an alkylating drug, in colon cancer cells, and as a single agent increase the cytotoxicity in two BRCA1-deficient breast cancer cell lines [49] . Further studies were carried out in BRCA1-and BRCA2-deficient cells. Interestingly, the BRCA2-deficient cell lines showed a high degree of sensitivity to temozolomide alone, indicating that these cells are highly sensitive to DSBs. In the same study, AZD2881 was able to inhibit the growth of BRCA2-deficient cell lines at doses that were minimally toxic to the cells. Additionally, AZD2881 in combination with cisplatin in BRCA2-deficient cells resulted in synergistic effects on cytotoxicity, but no synergy in the BRCA-2-proficient cells [50] .
In another study, AZD2281 was able to cause growth arrest and even shrinkage of BRCA1-deficient tumors in mice without any unwanted toxic side effects [51] . However, once the AZD2281 was removed, the tumors began to grow. The tumors were allowed to grow to the size they originally were when the AZD2281 was added, then treated with another course of the PARP inhibitor. After the second exposure to AZD2281, the tumors were no longer sensitive to its effects. The investigators were able to determine the mechanism of this resistance to be P-glycoprotein (P-gp) overexpression. They hypothesized that this resistance could be overcome via the use of tariquidar, a P-gp inhibitor, and are currently testing this hypothesis. AZD2281 was also used in this study to potentiate cisplatin and carboplatin in the treatment of mammary tumors. Although there was an increase in survival when compared with the mice treated only with a platinating agent, this effect was transient. If allowed to grow, the tumors would relapse over time. Additionally, this study ascertained that AZD2281-treated mice were not able to tolerate their usual dosage of cisplatin treatment when AZD2281 was present, even though those levels were nontoxic by themselves [51] . In a third study, AZD2281 at nontoxic levels increased the sensitivity of three out of four glioma cell lines to IR. However, this sensitization with AZD2281 did not occur when cell cycle arrest was induced with aphidicolin. Lastly, the study showed that the repair of the DNA breaks caused by IR was delayed with the addition of AZD2281 [52] .
Acquired resistance to PARP inhibitors
Resistances that develop in previously treated tumors is a potential obstacle in the use of PARP inhibitors. In the study by Clarke et al. the PARP inhibitor ABT-888 was not able to overcome temozolomide resistance in glioblastoma xenografts previously exposed to the alkylating agent [48] . Also, BRCA1-deficient xenografts were no longer sensitive to AZD2281 used as a single agent in xenografts created from the cells of previously exposed xenografts [51] . A paired study in Nature elucidates a discovered mechanism of acquired cisplatin and PARP inhibitor resistance. As previously described, BRCA2-deficient tumors are sensitive to PARP inhibitors, while wild-type BRCA2 tumors have limited, if any, sensitivity to PARP inhibitors. These investigators found that previous exposure of tumors to cisplatin or PARP inhibitors sometimes caused secondary mutations in BRCA2 that could create a frameshift in the open reading frame of BRCA2. This frameshift often reverted the BRCA2-deficient tumor to a wild-type or novel functional form of BRCA2 that was resistant to cisplatin and PARP inhibitors. This secondary mutation and resultant acquired resistance was able to be predicted by the restored ability of tumor cells to form RAD51 foci after DNA damage induced by IR [53] . In response to DNA damage, wild-type BRCA2 interacts with RAD51 and localizes RAD51 to the site of DSBs to allow repair via HR [55] . Edwards et al. proposed that a possible way to overcome the acquired resistance would be to prevent HR-mediated DSB repair by treating patients with proteasome inhibitors the would prevent the recruitment of RAD51 by BRCA2 [53] .
In summary, the PARP inhibitors reviewed here (Figure 1) have the ability to enhance alkylating agents, platinating agents, topoI poisons and IR in a variety of cell lines and xenografts. Some of the PARP inhibitors were efficacious against BRCA1-deficient cell lines and BRCA2-deficient cell lines and xenografts as a single agent [24, 25] . One study showed that PARP inhibitors were more effective in potentiating the activity of an alkylator, a topoI poison and IR in MMR-deficient cell lines and xenografts, as compared with those that are MMR-proficient [35] . The mechanism of potentiation by PARP inhibitors was demonstrated to be dependent, at varying levels, on the activity of the BER and the HR pathways, and was validated using several of the PARP inhibitors reviewed here [24, 36, 37] , but no dependence upon p53 status was established [28] . We demonstrated that some of the PARP inhibitors were dependent on the BER pathway for the potentiation of the effect of various drugs and IR. In the following sections we explore what happens when we inhibit other components of the BER pathway.
Ape1 DNA repair & redox inhibitors
Ape1 is a critical component in the BER pathway that is able to process AP sites for repair that were created as a result of the action of DNA glycosylases on single base lesions [1, 9] . Methoxyamine is an alkoxyamine derivative able to interact with, and thereby block, AP sites created by DNA glycosyases removing a damaged nucleotide [56] . The interaction between methoxyamine and the AP site is very strong. It prevents the lyase activity of Ape1 endonuclease cleavage and pol β -downstream members of the BER pathway (reviewed in [1, 5, 9, 18] ). Methoxyamine, or TRC102, which is produced by Tracon Pharmaceuticals (CA, USA), is currently being used in a clinical trial in combination with pemetrexed, a folate antimetabolite, in advanced solid cancers ( Table 1) . Methoxyamine has sensitized a wide variety of cancer cell lines to temozolomide and other alkylating chemotherapeutic agents [29, [57] [58] [59] . It has recently been shown that the methoxyamine-bound AP sites created by the combination of temozolomide and methoxyamine treatment can act as topo II poisons, as it is often located on the preferential cleavage site of topo II. Topo II is an enzyme that cuts both strands of DNA, allowing it to unwind. Sabourin et al. suggested the possibility that the methoxyamine-bound AP site complexes with topo II, thereby prohibiting it from fully functioning and completing the religation step. This would cause a further induction of topo II, resulting in greater amounts of cleavage, and therefore cytotoxicity. An alternate explanation by the authors was that the methoxyamine-bound AP sites could be blocking replication, causing induction of more topo II [60] . Some cancer cells have elevated levels of topo II, while normal tissues tend to have lower levels of topo II [61] . This would be promising for the selectivity of this treatment to cancer cells.
Recently there were a few reports of the discovery of direct inhibitors of the endonuclease activity of Ape1, including lucanthone and 7-nitroindole-2-carboxylic acid (NCA) (Figure 1) . Lucanthone was able to potentiate the effects of MMS and temozolomide in breast cancer cells [62] and IR in patients with brain metastasis [63] , but is not considered to be highly useful clinically due to concern regarding its off-target effects [1] . NCA has been reported to be able to potentiate the cytotoxicity of MMS, temozolomide and other chemotherapeutics in cancer cells [64] . However, others have reported that this agent is less promising as a lead candidate, and levels required for Ape1 inhibition have been reported to be in the high μM range [1, 65] .
Discovery of new small-molecule inhibitors of the endonuclease (repair) function of Ape1 have been reported [1, 66, 67] . On of these small-molecule Ape1 inhibitors is the arylstibonic acid compound 13755, identified via a high-throughput screening methodology ( Figure 1) . 13755 was able to decrease the repair activity of Ape1, but could not potentiate the effect of a classic alkylating agent, MMS, in a human osterogenic sarcoma cell line [67] . A group from the University of Southern California (CA, USA) used a pharmacophore-guided method to discover potential candidates that would inhibit Ape1 activity. Although these compounds were found to be specific to Ape1, more soluble derivatives will need to be discovered for them to be used clinically [66] . Our laboratory is using the high-throughput screening methodology in order to screen a library of compounds. A total of 45 compounds that were shown to be able to inhibit the DNA repair activity of Ape1 with more activity than previously shown with NCA are currently being analyzed further [1] .
In addition to the DNA repair activity of Ape1, it is active in redox signaling. Ape1 reduces, thereby activating, various transcription factors, leading to transcription of genes that are important in cancer advancement and cell survival [1, 6] . (2E) Unpublished Data). E3330 was able to inhibit angiogenesis, measured using a Matrigel ™ -based tube-formation assay, of endothelial cells using sub-cytotoxic doses (<5 μM) [6] . In one study, E3330 was able to inhibit growth and migration of pancreatic cancer cell lines [68] . Although the details of the mechanism of how E3330 is affecting angiogenesis and migration are still under investigation, the redox function of Ape1 is a novel and interesting target to pursue in the treatment of cancer.
Pol β inhibitors
Although still in the preclinical setting, it is worth mentioning that inhibitors of pol β have been discovered and are being investigated. Oleanolic acid, edgeworin, betulinic acid, stigmasterol and kohamaic acid A (KA-A) all inhibit pol β ( Figure 1) . Pol β is the predominant polymerase in short-patch BER, and functions in long-patch BER as well. In addition to its polymerase function in BER, the 5′ dRPase activity is also important for completion of repair. KA-A, isolated from fertilized sea urchin eggs, and its derivatives were able to prevent growth of a promyelocytic leukemia cell line [69] . In one study, oleanolic acid, edge-worin, betulinic acid and stigmasterol were all able to potentiate bleomycin, which is thought to induce strand breaks by intercalating the DNA and not allowing thymidine incorporation, in carcinomic human alveolar basal epithelial cells. In the same study, stigmasterol was only able to inhibit the removal of the dRP by pol β which is left after processing by Ape1, while the remaining three inhibitors were able to inhibit both the lyase activity and ability of pol β to insert the correct base [70] .
Conclusion
The DNA repair inhibitors reviewed in this article demonstrate the ability of these agents to work in a wide variety of cell lines and in combination with numerous existing chemotherapeutic agents and IR. This is important, as it is doubtful that chemotherapeutics or IR will be replaced as front-line therapies in the near future. It is becoming more evident that combination therapy with rational targets is showing promise in preclinical and clinical studies. Therefore, adding agents that enhance current front-line treatments to increase the therapeutic index and reduce acquired tumor cell drug resistance would dramatically enhance cancer therapeutic efficacy sooner rather than later. The most successful inhibitors reviewed had some commonalities:
• Some inhibitors were able to highly inhibit the activity (>90% inhibition) of their target at doses that caused minimal toxicity to the cell lines or xenografted mice, except BRCA1-and BRCA2-deficient cells and xenografts, which showed significant cell growth delay with the treatment of some PARP inhibitors.
• As low levels of the inhibitors could be used to obtain significant inhibition of activity, the inhibitors could often dramatically potentiate the growth delay effect of chemotherapeutic agents and IR in xenografts, with little increased toxicity to the mice. However, it should be reiterated that the agents potentiated by PARP are not all thought of as 'BER agents', indicating cross-talk between DNA repair pathways as well as PARP.
The preclinical in vitro and in vivo studies demonstrated some exciting potentiation of cancer cell treatments. The results of the ongoing clinical trials will be revealing for the fate of these inhibitors and inhibitors of the same genre that are currently in the preclinical pipeline.
Executive summary PARP inhibitors
• INO-1001 potentiated the effects of irradiation (IR) in CHO cells and doxorubicin in p53-deficient xenografts. INO-1001 also helped mismatch repair (MMR)-deficient xenografts partially overcome temozolomide resistance.
• AG14361 potentiated the effects of temozolomide in MMR-deficient but not MMR-proficient cell lines, and in MMR-deficient and -proficient xenografts. AG14361 also potentiates the effect of IR in MMR-deficient and -proficient cell lines along with MMR-deficient xenografts.
• Potentiation in combination with irinotecan was demonstrated in MMR-deficient and proficient xenografts.
• AG14361 had no effect in IR-treated cells deficient in NF-κB.
• Proficient base excision repair was needed to enhance camptothecin cytotoxicity in cell lines.
• AG14361 was successfully used as a single agent to induce cytotoxicity and growth delay in BRCA1 −/− cell lines and BRCA2 −/− cell lines and xenografts. The same effect was not demonstrated in wild-type BRCA2 or BRCA2 +/− cell lines or xenografts.
• AG014699 was able to potentiate the effects of temozolomide and topotecan in neuroblastoma cell lines and xenografts. One patient in a clinical trial using temozolomide in combination with AG014699 showed a complete response. Other patient responses across a variety of cancer types ranged from partial response to some stabilization. The doses of AG014699 used demonstrated no symptomatic toxicities. Additionally, the patients were all able to tolerate full doses of temozolomide in combination with the AG014699.
• ABT-888 was able to potentiate the cytotoxic effects of temozolomide, cisplatin, carboplatin and cyclophophamide in BRCA1-deficient breast carcinoma xenografts. ABT-888 was also able to potentiate the cytotoxic effects of IR in colon cancer cell lines and lung cancer cell lines and a lung cancer xenograft model. However, ABT-888 was not able to overcome temozolomide resistance in glioblastoma xenografts previously exposed to temozolomide.
• AZD2281 was able to potentiate the effects of temozolomide in a colon cancer tumor model and methyl methanesulfonate (MMS) in a colon cancer cell line. AZD2281 was able to potentiate tumor growth delay in cisplatin-and carboplatintreated mouse mammary tumors, but the effect was transient. AZD2281 was able to increase the sensitivity of some glioma cell lines to IR unless the cells were not replicating. AZD2281 caused cytotoxicity as a single agent in BRCA1-deficient cells and BRCA2-deficient cells. However, mammary tumors were able to develop resistance to AZD2281 over time.
Ape1 DNA repair & redox inhibitors
• Methoxyamine potentiates the effects of temozolomide and other alkylating agents in several cancer cell lines. Topoisomerase II may be involved in the potentiation of the temozolomide effect by methoxyamine.
• Lucanthone potentiates the effects of MMS, temozolomide and IR, but has too many off-target effects to be clinically relevant.
• 7-nitroindole-2-carboxylic acid (NCA) potentiates the effects of MMS and temozolomide, but other laboratories have not been able to demonstrate this effect. NCA is not a very viable, clinically relevant lead agent.
• The arylstibonic acid compound 13755 can inhibit Ape1 repair activity, but was not able to potentiate MMS in HOS cells.
• E3330 inhibits redox function of Ape1, but not repair function. E3330 causes single-agent cytotoxicity to several cancer cell lines, but not CD34 + (normal) cells at the same doses. The E3330 redox inhibitor inhibits growth and migration of pancreatic cancer cell lines and angiogenesis in a variety of endothelial cells at subtoxic doses.
Pol β inhibitors
• KA-A and its derivatives, isolated from fertilized sea urchin eggs, specifically inhibit mammalian pol β, and KA-A prevented growth of a leukemia cell line.
• Stigmasterol inhibits only the lyase activity of pol β.
• Oleanolic acid, edgeworin and betulinic acid inhibit both the lyase and polymerase activity of pol β.
Future perspective
The long history and advances in the understanding of the basic science of DNA repair pathways has allowed us to better develop rationales for combinational treatments to potentiate tumor-cell killing. For example, with the knowledge that temozolomide generates lesions that are repaired by AGT and BER, we can thoughtfully pair AGT and BER inhibitors with this agent. This could widely expand the range of cancers that could be treated with temozolomide, where previous data would suggest temozolomide would not work. Hopefully, further elucidation of DNA repair pathways and their role in cancer versus normal cells will reveal many new potential targets for inhibition to potentiate tumor-cell response. Small-molecule inhibitor discovery is an intense and expensive process. New methods and strategies will certainly be developed to try to both streamline this discovery process and ensure that the end products will have the desired inhibitory effect, be soluble and deliverable. It may possibly even be important that future inhibitors contribute minimal toxicity to patients if they need to be used in combination with agents or IR that already cause toxicity to the patient. Several of the studies reviewed here demonstrated dramatic in vitro and in vivo potentiation of existing chemotherapeutic agents and IR when used in combination with BER-pathway inhibitors using an amount of chemotherapeutic agent or IR that as a single agent was minimally toxic to the cell lines or xenografts.
Another important area for the use of these and future inhibitors will be the ability to test for biomarkers. Some biomarkers, such as RAD51 and H2AX-γ foci formation levels in peripheral blood mononuclear cells before and after treatments to predict or understand tumor response and DNA repair phenotype linkage with genotypes, are already being employed in clinical trials [11, 101] . The hope is that cancer therapeutics will become more individualized in the near future. Once diagnosed, biopsies or samples may be taken and sent to the laboratory to screen for hundreds of biomarkers that will better allow us to predict how the tumor would react to different treatments. It will be important to develop the tests that would quickly and accurately predict these biomarkers. As we learn more regarding cancer-cell signaling and the mechanisms they use to escape cell death and thrive, we will be better able to predict combinations and treatments that will be successful and allow us to elude the development of resistance in tumors. Alternatively, if resistance does arise due to cross-talk or compensation between not only the DNA repair pathways, but also between DNA repair, cell cycle, signaling and other important pathways, it will be important to have a molecular profile of the individual cancer to help us overcome resistance.
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▪ of interest ▪▪ of considerable interest When there are a minimal number of SSBs, PARP interacts with XRCC1, pol β and DNA ligase III to allow DNA repair. When there is moderate DNA damage, PARP associates and disassociates with the DNA, trying to protect the SSBs until they can be repaired. If the pathway is too overwhelmed, apoptosis is signaled and caspases come in to cleave PARP. If there is overwhelming damage, PARP is overactivated and depletes NAD + . This could lead to necrosis. Ligase III: DNA ligase III; PARP: Poly(ADP-ribose) polymerase; Pol β: DNA polymerase β; SSB: Single-strand break; XRCC1: X-ray complementing factor 1. Adapted from [3, 22, 23] . 
